We introduce laser interference lithography (LIL) as a tool to fabricate hierarchical photonic nanostructures inspired by blue Morpho butterflies. For that, we utilize the interference pattern in vertical direction in addition to the conventional horizontal one. The vertical interference creates the lamellae by exploiting the back reflection from the substrate. The horizontal interference patterns the ridges of the hierarchical Christmas tree like structure. The artificial Morpho replica produced with this technique feature a brilliant blue iridescence up to an incident angle of 40 • .
Introduction
Laser interference lithography (LIL) is used for decades to pattern surfaces with periodic structures ranging from micron to sub-micron scales [1] [2] [3] [4] [5] [6] [7] [8] [9] . This technique allows to write 1D, 2D, and even 3-dimensional periodic patterns into a photoresist by adjusting the intensity, geometry, polarization, and phase of the applied laser light [6] [7] [8] . Since the fabrication of nano-and microstructured surfaces is a parallel process, LIL is competitive to other high-resolution lithographic techniques. Consequently, it is used for various industrial applications including but not limited to the field of solar cells and LED [10, 11] , laser technology [12] , integrated optical design [1] , data storage [13] , optical communications [5] , biomedical applications [14] and IC industries [8] .
A very interesting application of LIL is the manufacturing of photonic crystals (PC) [6, 8, 15] and it has been implemented for applications like filters [16] , waveguides [17] , resonant cavities [18] , PC-based optical elements [19] and light management in thin film solar cells [20] . The concept of photonic crystal was born in the late 1980s [21, 22] . In nature, however, there are many examples of 1D, 2D, and 3D photonic crystals found in plants and insects which evolved several million years ago [23] [24] [25] . Frequently, these nano-and microstructures are multifunctional [26] . Evolutionary optimized scales of the famous Morpho butterfly, for example, give at the same time a strong blue coloration [27] [28] [29] and make the wing hydrophobic [30] . It has been demonstrated that by mimicking such structures it is possible to outperform existing photonic vapor sensors [31] and thermal sensors [32, 33] in sensitivity and spatial resolution. Furthermore, butterflies inspired the development of nanostructures enhancing the efficiency of solar cells and water-splitting [34] .
Here, we introduce a technique to fabricate the hierarchical 'Christmas tree' like morphology of Morpho butterflies utilizing dual beam laser interference lithography. In difference to the conventional approach, where vertical reflection is suppressed by anti-reflective coatings, we specifically use a reflective coating below the resist to create an additional vertical interference along with the horizontal one. In this way, the vertical standing wave pattern creates the lamellae while the horizontal interference structures pattern ridges. A low contrast photoresist is used to obtain the triangular tapered shape. Depending on the period of the vertical standing wave and the photoresist material, the thickness of the lamellae and the gap between them can be controlled. These parameters directly influence the structural color of the final photonic structure. The artificially replicated Morpho structure produced in this way shows brilliant blue 
Reflective layer iridescence up to an incident angle of 40 • .
Theoretical background
In general, the interference of two beams of coherent light results in horizontal periodic patterns consisting of dark and bright areas. In laser interference lithography (LIL) this pattern is transferred into a photoresist to obtain nano-and microstructures. The conventional theory of dual beam laser interference lithography assumes the superposition of two incoming electromagnetic plane waves with the same angular frequency ω propagating simultaneously in the same medium [7] [8] [9] . A schematic considering also the beams reflected from the substrate is shown in Fig. 1(a) . The superimposed incident electric field will be the sum of the electric fields of the individual plane waves at any given point in space
where E 1 and E 2 are the complex electric field amplitude vectors of the incident beams and k 1 and k 2 are the corresponding wave vectors. If the waves propagate with an angle ±θ to the normal shown in the Fig. 1(a) and ∆ϕ is the relative phase difference between the two waves, the electric field amplitude vectors and wave vectors are given by
Here, E 0 is the amplitude of the incoming electric fields, λ is the wavelength of the exposure beam, and n is the refractive index of the medium (1 for air in this case). n defines the polarization of the electric fields. As the spatial interference distributes along x-axis we calculate the resulting horizontal interference in the x-plane, i.e., r = (x, 0, 0) and inserting all parameters together with Eqs. (2) and (3), we obtain the spatial distribution of the horizontal interference for a given polarization [7] I
where, I 0 is the intensity of the incident beams and equals to |E 0 | 2 . We can easily calculate the horizontal period of the interference pattern from the modulation cosine term in Eq. (4). The phase difference ∆ϕ between the complex amplitudes only translates the interference pattern in space without changing its shape. The intensity maxima will be achieved at every multiple of 2π, i.e., spatially in every multiple of λ 2 sin θ . Hence, the period of the horizontal grating is given by
If we consider now a possible back reflection from the substrate, the resultant of the exposure beams and back reflected beams will create an additional interference vertically in the resist and the spatial standing wave pattern distributes in the x − z plane, i.e., r = (x, 0, z).
Here, all four incident (E i1 and E i2 ) and reflected (E r1 and E r2 ) electric field amplitude vectors and corresponding wave vectors (k i1 , k i2 , k r1 , and k r2 ) can be described by
where, r is the fraction of the incident electric fields which reflects back and θ m is the refracted angle in the photoresist. As the interference occurs within the resist, the refractive index n m of the material is considered for the wave vectors. Furthermore, there is a phase shift of π in the reflected electric fields with respect to incident beams. Similarly, we can calculate the vertical interference of the incoming incident and the back-reflected beams as previously and the vertical standing wave intensity distribution is given by
Here, R is the reflection co-efficient which equals to r 2 . The vertical standing wave period is therefore λ 2n m cos θ m . We can calculate θ m using the Snell's law and thus the vertical grating period is given by
Assuming that the horizontal and vertical standing waves superimpose, the final distribution pattern can be calculated from
We calculated the spatial intensity distribution of the resulting standing wave pattern with this equation considering a 500 nm thick AZ resist material (n m = 1.71) [35] for an incident beam of 266 nm with an angle of θ = 4.2. The result is shown in Fig. 1(b) with (R = 1) and without (R = 0) back-reflection from the substrate. The horizontal and vertical intensities peak to peak distance are approximately 1.8 µm and 78 nm, respectively. Six intensity knots are visible in the 500 nm thick resist resulting in six 'lamellaes' with a thickness of 40 nm. As already discussed, the vertical interference disappears completely if the substrate yields no back-reflection.
Fabrication process
Based on the above-described theory we fabricated Morpho inspired structures by laser interference lithography. The fabrication process mainly includes three steps: sample preparation, exposure and development. They are compared in Fig. 2(a) for conventional LIL and for the presented approach. The important difference is the evaporation of the reflective layer on the substrate. For our specific application of hierarchical Morpho structures, the reflective layer has to be reflective at the exposure wavelength but mostly transparent in the visible range. An aluminium substrate might be chosen for deep UV exposure as it reflects more than 90 % of the incoming beam at the exposure wavelength of 266 nm. However, in order to improve the optical properties in visible wavelength regime, we used fused silica (25 mm ×25 mm ×1 mm) as a substrate and sputtered with a thin reflective optical coating which has a reflectivity of 99.5 % at wavelengths of 250-280 nm by LASEROPTIK GmbH, Garbsen, Germany. The average reflectance of the coating is well below than 5 % in the visible range. A positive photoresist (AZ 1505, Microchemicals GmbH, Ulm, Germany) is spun on the substrate with a speed of 3000 rpm, an acceleration of 1500 rpm/s for 60 seconds to achieve 500 nm thickness. The prebake was performed on a hotplate at 95 • C for 3 minutes. The parameters were chosen adequately to realize a low contrast system, allowing for direct transfer of the interference pattern into the photoresist [36] .
It is worth mentioning that in conventional LIL an anti-reflective coating is frequently evaporated onto the sample to avoid back reflection from the silicon or reflective metallic substrate and prevent any vertical patterning [9] . To demonstrate the difference between these two approaches we also prepared samples without reflective coating, i.e., we spun the same resist directly on the silica substrates.
We exposed these two types of samples using the experimental set-up sketched in Fig. 2(b) . It is a two-beam LIL in a Mach-Zehnder configuration [37, 38] . In order to satisfy the high coherence requirement of LIL, two incident laser beams have been split from the same laser source, and hold same-scale optical paths when reaching to the exposure surface. We chose AZ photoresist which has low sensitivity for the exposure wavelength (266 nm) so that we can get triangular or tapered shape like structure as of 'Christmas tree' nanostructures of Morpho butterfly. The KOH-based AZ 400K (1 : 4 diluted) developer (Microchemicals GmbH, Ulm, Germany) is used to develop the sample for 15 seconds to achieve the proper triangular shape with an exposure dosage of 250 mJ/cm 2 [36] .
The SEM image of the finally obtained structure is displayed in Fig. 2(c) . Due to the optimization of exposure dosage of low-contrast resist and development parameters, the horizontal grating has a triangular shape and resembles the ridges. The vertical structure caused by the back reflection from the reflective coating on the other hand mimics the lamellae. The multilayer of air/polymer is clearly visible and the corresponding blue appearance is included in the Fig. 3 . The structural color is mainly due to the hierarchical pattern which can be easily noticed in comparison with only triangular structure. The detailed optical properties will be analyzed in the following section. The horizontal period of the structures in x-y plane is around 1.8 ± 0.1 µm which can be affirmed by Eq. (5) for an exposure incident angle (θ ) of 4.2 • . The vertical period can also be calculated via Eq. (12) . The approximated refractive index of the material is 1.71 at a wavelength of 266 nm [35] and therefore, the vertical period is calculated to be 77.9 nm. The experimental value of the vertical period is found to be 80 ± 3 nm which fits nicely to the theoretical result.
Optical characterization and discussion
Due to the Morpho-type structure the final sample has a blue color and the different optical appearance of the two sample types can be seen with the naked eye. As shown in Fig. 3 the Morpho-type sample appears blue even for large view angles of 40 • while the triangular structure without vertical lamellae (R = 0) exhibits regular grating effect at high angles.
The quantitative optical characterization of the fabricated structures analyzed with a UV-Vis spectrometer is shown in Fig. 4 . As depicted in Fig. 4(a) , the triangular shaped Morpho-type structure has a reflection of around 30 % for wavelengths between 380 nm and 460 nm at normal incidence while only negligible reflection of about 2 % is observed for the triangular grating. Consequently, it is evident that the blue reflectance is due to the 5 layers of air and polymer. The thickness of each of the polymer layers is approximately 40 nm and the air gap within the layers is also about 40 nm. The achieved thickness of the layers, however, produce only a secondary reflection peak in the visible regime. We calculated the high order reflection peak wavelengths at normal incidence with the transfer matrix method [39] for a five-fold stack of air and polymer layers and found two maxima at 410 nm and 605 nm in the visible regime (dashed line in Fig. 4(a) . These peak positions coincide with the experimental spectrum. The overall reflection intensity of the Morpho-type sample, however, is higher than the theoretical values but lower than first order peaks. This might be an effect of 'non-ideal' behavior (uneven optical thicknesses of two layers) of the multilayer or due to the experimental irregularities of the structure [44, 45] . We were only able to structure high order interference peaks due to the given exposure wavelength. The thickness of the layer depends on the exposure wavelength (Eq. (12)). The bandwidth of the reflected blue ∆λ is about 125 nm. This value is close to the theoretical value of ∆λ th = (2/π)λ (∆n/n) = 132 nm [40] where λ is the peak-center wavelength (424 nm), ∆n = 0.65 the refractive index difference, and n the averaged refractive index of the air and resist (1.325).
Calculating the bandwidth for the original Morpho butterfly with a refractive index of 1.56 [27] gives a value of 118 nm which is close to our experimental value. For the same reflection peak other fabricated Morpho inspired multilayer replicas [41, 42] made from TiO 2 (n ≈ 2.6) and SiO 2 (n ≈ 1.5) had a higher bandwidth of 145 nm. As a lower ∆n/n, i.e., bandwidth is important for a larger color gamut and better color stability of the structural colors [43] our fabrication technique exhibits competitive optical properties.
The fascinating phenomena of the Morpho nanostructures is their quasi-omnidirectional blue non-iridescent reflection [27] [28] [29] . If we use the classical equation for thin film interference m reflection peak stays in blue regime till an angle of 40 • (see Fig. 4(b) ). It is mainly due to the tapered shape of the multilayer air-polymer structures [29] . The tapered or so called 'Christmas tree' shape creates an impedance matching to the blue wavelength for higher incident angle. A rise of the reflection can be observed for an angle of 30 • because of the guided mode resonance of the horizontal diffraction ridge/grating pattern.
Conclusion and outlook
To conclude, we demonstrated the advantage of laser interference lithography for the large scale fabrication of Morpho butterfly inspired 'Christmas tree' like hierarchical structures. We exploit the common issue of back reflection from the substrate and specifically used it to create the vertical interference to create the lamella pattern of the Morpho butterfly. Our fabricated Morpho replica mimic the most important feature of the original scales, namely the non-iridescent blue reflection for large angles in addition to the hydrophobic property [38] . Our proposed fabrication technique could be implemented to manufacture the multi-functional structures found in other insects and plants that feature structural colors caused by multilayer stacks of air and biopolymers [46] [47] [48] .
The presented technique can be even improved. First of all, higher exposure wavelengths in UV-blue regime will give larger vertical interference period and thus high intense first order reflection in the visible regime. An increase of the number of layers will increase the reflection intensity and the aspect ratio of the ridges at the same time. By increasing the height of the structures, the hydrophobicity of the surface will be improved too and might turn the surface into a superhydrophobic optical coating. As photoresists have lower sensitivity in the current exposure wavelength, it requires already higher exposure time and dosage to expose a 500 nm thick resist. The low sensitivity of the resist is necessary to obtain the tapered shape of the 'Christmas tree' like shape for quasi-omnidirectional blue reflection. Therefore, a trade off between achieving non-iridescent reflection and getting higher aspect ratio has to be maintained. Moreover, surface randomization [28, 41, 42] which also plays a key role in Morpho inspired structural colors can be included as well in this design. Combining secondary surface diffuser (aperiodic microstructure by multiwave exposure) [20] with our current technique, almost perfect Morpho type 'Christmas tree' structures might be manufactured. Overall, by tuning the exposure wavelength and choosing the photoresist accordingly, structural colors with arbitrary wavelengths can be produced.
